in the superconductor matrix. For high-temperature superconductors (HTSs), the small superconducting coherence lengths put a stringent requirement on the dimension of these pinning centers to be on the order of few nanometers. To pin the vortices at an applied magnetic field (H), the superconductor matrix must contain defects of desired shape, dimension and concentration. This has prompted an extensive effort in doping secondary phases in HTSs and the last decade or so has witnessed exciting process in generating nanoscale artificial pinning centers (APCs) in HTSs, especially in YBa 2 Cu 3 O 7−x (YBCO)-based thin films and coated conductors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Regardless of the particular means of adding APCs, the pinning enhancement is largely dependent on the geometry of the particular APCs. There have been both nanoparticulate dispersions of nonsuperconducting additions [20] [21] [22] and nanorods pinning centers using BaZrO 3 (BZO), BaSnO 3 (BSO) or the more recent Ba 2 YNbO 6 (BYNO) or YBa 2 NbO (YBNO) [5] , [23] [24] [25] [26] [27] . Both improve J c values in YBCO by providing either an isotropic or preferentially enhancement in the c-axis direction, respectively. Further enhancement of J c requires optimization of both pinning strength and isotropy considering the layered structures of HTSs. For example, applications like generators and motors require the superconductor to operate in magnetic fields of ∼3-5 T, and especially under varying orientations of the magnetic field H [28] .
Many methods have been reported for generating APCs in HTS thin films [29] [30] [31] . Specifically, BZO APCs in YBCO has been studied using different deposition techniques including pulse laser deposition (PLD), metal organic chemical vapor deposition (MOCVD), metal organic deposition (MOD), etc [32] [33] [34] [35] . However, the growth mechanism and the obtained APC morphology in vapor and solution processes are quite different. In the former, APCs are formed in strain-mediated self-assembly during the layer-by-layer epitaxy of the YBCO matrix films due to the coherent or semi-coherent interfaces with YBCO. In the latter, randomly orientated 1D APCs and 3D APCs are revealed as precipitates on YBCO epitaxial lattice.
On layered structured HTSs, a strong peak of J c at H//abplane (θ = 90
• ) is attributed to the intrinsic pinning of the planar structure in HTSs, in contrast to the much lower J c values at H//c-axis at θ = 0
• where correlated pinning is lacking. To enhance the J c values at H//c-axis and reduce the J c anisotropy, linear APCs along the c-axis are ideal to provide strong correlated pinning if H is comparable to or less than the 1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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accommodation field H * = n 1D φ 0 , where n 1D is the density of the columnar APCs and φ 0 is the magnetic flux quantum [5] , [23] [24] [25] [26] [27] . An issue associated to the nearly perfect alignment of the 1D APCs is that the in-field J c is not much improved at field orientations deviating from the c-axis. Often, the J c at around H//ab-plane (θ = 90
• ), is significantly reduced. Splaying linear defects in YBCO films may extend the benefit of correlated pinning of the linear defects to a larger θ range. A theoretical work by Hwa et al predicted that splayed linear defects force vortex entanglement and enhance J c . An optimal splaying angle of θ c ∼ 10
• was suggested [36] . In experiment, splayed 1D APCs obtained via low-cost self-assembly indeed provide stronger pinning and therefore higher J c . However, even with splay, linear APCs alone are not adequate to provide strong and isotropic pinning. Three-dimensional (3D) pinning landscape is needed ultimately [37] , [38] . For example, linear APCs may be combined with 0D (nanoparticles) APCs and 2D APCs (planar defects) to provide strong and isotropic pinning in the entire range of the θ. In this work, we explore controlling the APC morphology using double doping of BZO and Y 2 O 3 based on the observation of much shorter BZO-NRs in presence of Y 2 O 3 [37] , [38] . By systematically increasing the BZO doping level, we anticipate substantial portion of the BZO will form isotropic 0D BZO APCs to enhance overall pinning at all H orientations.
II. EXPERIMENTAL
Double-doped YBCO thin films were fabricated using pulsed laser deposition from targets with nominal BZO concentrations of 2%, 4%, and 6%, each with 3% wt. of Y 2 O 3 . Commercial powders of YBCO (Nexans), Y 2 O 3 , and BaZrO 3 (SCI Eng. Mtls.) were dried in a furnace for 8 hours at 450°C. The dried powders were measured and mixed with an agate mortar and pestle to comprise a composition of 2 (or 4, 6) vol.% BaZrO 3 , 3 vol.% Y 2 O 3 , and 95 (or 93, 91) vol.% YBCO. The mixture was pressed utilizing a 1 and 1/4 inch die and a pressure of 1000psi. The targets were then sintered at 850°C for 60 hours and 920°C for 156 hours, reaching a densification of 92% or higher.
Thin films were produced using pulsed laser deposition on (100) SrTiO 3 (STO) single crystal substrates, having dimensions of 5.0 mm × 5.0 mm × 0.5 mm. Substrates were cleaned via an ultrasonic cleaner for five minutes with acetone, followed by five minutes with isopropyl alcohol. The substrates were mounted to a YBCO coated heater block with colloidal silver paint.
A Lambda Physik LPX 300 KrF excimer laser (λ = 248 nm) with a fluence of approximately 1.6 J/cm 2 , was utilized for the depositions. Laser deposition parameters were a laser energy of 450 mJ and a repetition rate of 8 Hz, with an atmosphere of 300 mTorr oxygen. Depositions were conducted at heater block temperatures of 825°C for 7 minutes. After deposition, the films were annealed for a 30 minute dwell time at 500°C and an oxygen atmosphere. Film thicknesses were determined by etching corners of deposited substrates with nitric acid, and measuring the thickness of the step-edge with a profilometer, with an average thickness of 136 nm. For electrical transport measurement, samples were patterned using standard photolithography to obtained microbridges of width ∼20 μm and length ∼500 μm. Samples were exposed at 500 W UV for 70 s with 351 photoresist on the surface, then were developed for ∼50 s and etched for 2 mins with 0.05% HNO 3 . Ag contacts were coated through a metal shadow mask using DC sputtering before the lithography, which was found important to reduce the contact resistance to the microbridges. The electrical connection to the microbridges was completed via indium attachment of platinum wires of 25 μm in diameter. It should be noted that the T c values of the three samples are different measured by VSM, 2% (81.19 K), 4% (87.69 K), and 6% (87.80 K). Current-voltage characteristics were measured using Keithley 2430 1 KW pulsed current source meter and HP 34420A nanovoltmeter to extract the critical current density J c . Labview was used to trigger the current pulse train of increasing amplitude and synchronizing the detection of the voltage across the sample. The short pulse width of 50 ms and the long time interval between pulses in the range of 3000-4000 ms were selected to minimize sample heating. J c was determined by applying 1 μV/cm criterion. A Quantum Design Evercool II Physical Property Measurement System (PPMS) was used for measuring the transport J c (T, H, θ) as function of temperature T, magnetic field H (up to 9 T) and the orientation angle θ between H and the c-axis while H was maintained in the plane perpendicular to the current. In order to extract the pinning anisotropic behavior, J c (H) curves were taken at θ = 0
• (H//c), 45°, and 90°(H//ab). The p value fitting was from the models by Dew-Hughes and Kramer and comparison with direct fitting of the α value (α = 1 -p) from J c (H) curves will also be attempted.
III. RESULTS AND DISCUSSION
Figs. 1(a) and (b) depict J c (H) curves in the range from 0 to 9T of the two BZO-NRs/Y 2 O 3 -NP double-doped YBCO films of higher BZO doping, measured receptively at 77 K and 65 K at θ = 0°(H//c), 45°, and 90°(H//ab). Overall, the 6% BZO + 3% Y 2 O 3 sample has the higher values of J c over almost the entire range of the H field and at the three different H orientations of θ = 0
• (H//c), 45°, and 90°(H//ab). This behavior differs fundamentally from the single 6% BZO doping case [39] . One major difference is the smaller T c reduction in the double-doped 6% BZO + 3% Y 2 O 3 as compared to the sample 6% BZO sample. Considering a similar PLD growth condition was applied to these samples, this difference is an indication that the APC landscape is modified by the 3% Y 2 O 3 in the double-doped 6% BZO + 3% Y 2 O 3 sample, probably through reducing the concentration of the BZO-NRs aligned along the c-axis and therefore reducing the strain field overlapping. A similar trend was observed on 6% BZO doped YBCO on vicinal substrates due to the interaction of the local strain at the BZO-NR/YBCO matrix interface and the global strain induced by the vicinal substrate [39] . This effect certainly decreases at lower BZO doping. As shown in Figs. 1(a) and (b) , the 4% BZO + 3% Y 2 O 3 sample exhibits a stronger pinning behavior, i.e. smaller decrease of J c (H) with increasing H field at H//c due to the aligned BZO-NRs aligned in the c-axis. Consequently, a crossover between the J c (H) curves at H//c orientation for the two samples occurs at 4 T at 77 K and beyond 9 T at 65 K.
Figs. 1(c) and (d) compares the pinning force density (F p ) calculated using F p = J × H at 77 K and 65 K respectively. At 77 K and all three H orientations, the F p vs. H curves have a typical inverted-bell shape while the F p peak location (H max ) and peak value (F p , max) vary considerably. It is particularly worth noting that at H//c-axis, the H max location of the 4% BZO + 3% Y 2 O 3 sample is significantly higher than that for the 6% BZO + 3% Y 2 O 3 sample. The former is at H max = 5.3 T and the latter is at H max = 2 T. Interestingly, the difference in the H max becomes smaller at lower temperatures. As shown in Fig.  1(d) , the H max = 7.75 T of the 4% BZO + 3% Y 2 O 3 sample and H max = 7 T for the 6% BZO + 3% Y 2 O 3 sample. This suggests that the isotropic or not well aligned BZO APCs becomes more efficient in pinning at lower temperatures. On the other hand, the F p , max values for the two cases are almost identical, suggesting that the APCs responsible for the F p peaks are the same type. Since the H max is proportional to the stronger pinning centers that regard to the BZO-NRs in this case, the high H max of the 4% BZO + 3% Y 2 O 3 sample simply suggests that the concentration of the BZO-NRs aligned along c-axis is considerably higher than in the 6% BZO + 3% Y 2 O 3 sample. This result indicates the alignment of the BZO-NRs is strongly affected by the presence of the secondary Y 2 O 3 APCs and this effect is more significant at higher BZO doping level, most probably due to the strain field overlap [39] [40] [41] . This is certainly not the case in low to moderate BZO doping (like the range in this work) in single doping case, as we have mentioned earlier.
Another major difference between these two samples occurs on the F p vs. H curves at H//ab in Fig. 1(c) . While the H max locations for the two curves are comparable at 2.5 T, the F p,m ax = 9.95 GN/m 3 for the 6% BZO + 3% Y 2 O 3 sample is about a factor 2 higher than that for the 4% BZO + 3% Y 2 O 3 sample. Interestingly and importantly, the same trend can be seen for these two samples at the H orientation of 45 degree, which suggests that the BZO-based APCs may not be in the form of nanorods aligned in the c-axis and most probably in the isotropic nanoparticle form, facilitating magnetic pinning at the H orientations away from the c-axis. The benefit of the isotropic BZO APCs is further illustrated in the J c (θ) curves shown in Figs. 2(a) and (b) at 65 K and 50 K respectively. The 6% BZO + 3% Y 2 O 3 sample has overall higher J c (θ) values at 1 T, 5 T, and 9 T than the other samples at both temperatures. This is remarkable considering 4% BZO doping in YBCO is typically optimal since additional doping adds higher concentrations of aligned BZO-NRs along c-axis, leading to strain field overlapping and therefore further decrease of the T c . In the presence of 3% Y 2 O 3 , we have found that the T c values of 87.7 K and 87.8 K for 6% BZO + 3% Y 2 O 3 and 4% BZO + 3% Y 2 O 3 , respectively, are comparable, indicating the additional BZO in the former does not add further strains to the YBCO lattice. In addition, these values are considerably higher than that of single BZO-doped YBCO (∼86 K for 4% and 84 K for 6%) [39] . This means the enhanced overall J c (θ) in the 6% BZO + 3% Y 2 O 3 sample is a result of combined effects of enhanced isotropic BZO APCs and reduced lattice strain on YBCO. While the J c (θ) curves for the 6% BZO + 3% Y 2 O 3 , 4% BZO + 3% Y 2 O 3 , and 2% BZO + 3% Y 2 O 3 samples exhibit similar trends in terms of more prominent J c peaks at H//c-axis at higher H fields, they differ considerably near H//ab. Specifically, a larger J c peak on the former as compared to the latter can be clearly seen. It is well known that a J c peak at H//ab is attributed to the intrinsic pinning by the ab-planes in YBCO. But typically, this peak reduces with BZO doping in single doping case due to the ab-plane buckling at high BZO doping level when the YBCO lattice is stressed. Therefore, the observed larger J c peak at H//ab on the 6% BZO + 3% Y 2 O 3 sample may be attributed to the reduced lattice strain on YBCO when a substantial portion of the doped BZO form isotropic APCs. The peak at θ = 0 is due to the correlated pinning by the BZO nanorods aligned along the c-axis. The minimum J c is located at about 45 deg, indicating that at this orientation BZO nanorods and ab-plane defects' pinning effect both are much less comparing to 0 deg and 90 deg. In addition, the red line shows that the pinning behaviors of magnetic field dependence at 0, 45, and 90 deg are different. This also says at these three orientations that, the mainly pinning centers are different. Considering the morphology of BZO nanorods and Y 2 O 3 nanoparticles, it suggests that at 45 deg BZO nanorods works less and Y 2 O 3 is the mainly pinning center since nanoparticle is a 3D-pinning center. Therefore, it's necessary to study the individual behavior of these three orientations in one doping sample, especially 0 and 45 deg. . It is evident that the F p values for the 6% BZO + 3% Y 2 O 3 doped YBCO sample are significantly higher than that of its lower BZO doping counterparts at most temperatures studied in this work and field (0-9 T) except at 77 K or higher at high fields. In fact, a crossover can be seen between the F p − H curves for the 6% BZO + 3% Y 2 O 3 (black) and 4% BZO + 3% Y 2 O 3 (red) samples at a given temperature. At 77 K and H//c, the crossover occurs at ∼4.2 T and 80 K, and is around 3.2 T. The crossover is caused by different slopes of the F p − H curves of these two samples. However, the crossover point shifts to higher fields at lower temperatures. For example, now crossover cannot be observed at T < 70 K for H//c, and T < 65K for H at 45 degree. This means the isotropic BZO APCs pins better than BZO-NRs at H//c as well as H orientations away from c-axis at lower temperatures (see Fig. 4(a) ), making them advantageous for applications targeting at low temperatures and high fields. Fig. 4(b) shows the 1 -p value fitting result of these two samples using the models by Dew-Hughes and Kramer, which equal to α, can also represent the pinning ability [42] [43] [44] . The gen- eral form of the function of pinning force F p in these theories is
where F p0 is the pinning force at B = 0, B c2 is the upper critical field and p and q are exponents depending on the type of pinning sites in films. As it can be seen, at lower temperature, α goes lower, thus has a better pinning. When setting the orientation of magnetic field 45 deg from c-axis and still perpendicular to the J c , the same trend of the result can be seen, however, the p value of 45 deg is lower than 0 deg, which indicate that there is a stronger pinning when H//c. This is because at c-axis, both BZO nanorods and Y 2 O 3 nanoparticles take part in the pinning work and provides a strong pinning force, while Y 2 O 3 mainly at 45 deg.
IV. CONCLUSION
In summary, transport J c has been studied on YBCO nanocomposite films doped with two secondary phases of 3% Y 2 O 3 plus variable BZO concentrations of 2, 4, and 6% which were deposited on (100) STO substrates. With the presence of Y 2 O 3, the morphology of the BZO is expected to change due to the reduction of the BZO diffusion mobility by Y 2 O 3 nanoparticles. This variation in BZO morphology results in two major differences in the double-doped YBCO nanocomposite films as compared to the case of BZO single ones: 1) considerably reduced T c reduction at 4% and 6% BZO + 3% Y 2 O 3 doped YBCO samples as compared to their counterparts of BZO single doping due to the smaller concentration of the BZO nanorods aligned well in the c-axis; and 2) considerably enhanced pining force density F p at almost all directions of the applied magnetic field up to 9 T at temperatures in the range of 50-80 K. The fitting of the transport data using the Dew-Hughes equation suggests the presence of isotropic APCs formed at high BZO concentrations.
